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Planarized Gold Multilevel Wiring Technology by 
Electroplating 
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[Article by K. Urabe, f. Kato, K. Mikagi, and Y. Murao, 
ULSI Device Laboratory, NEC Corp.] 


[Text] 


Introduction 


As trends toward miniaturization and multilevel inter- 
connection have advanced in conjunction with higher 
levels of LSI integration, there has also been more 
stringent demand for higher line performance. For logic 
devices such as the microprocessor, high speed operation 
is becoming essential in addition to advanced integra- 
tion levels. Faster operation can be examined overall in 
terms of three elements—the circuit design, the device, 
and the processes involved. However, as device minia- 
turization progresses, it becomes more difficult to 
achieve faster operation by improving the performance 
of individual transistors and optimizing the circuit 
layout. For this reason, in order to achieve faster oper- 
ating devices, it is necessary to use line technologies 
which include interlayer film formation. This report 
focuses on line techniques which can be used to accel- 
erate the operational speed of devices. 


The following two basic measures related to line tech- 
nology can be used to accelerate operation speed: 


1. Reduce line resistance. 
2. Reduce capacitance between lines. 


The following methods can be used to reduce line 
resistance: 


1. Restrict the overall length of the line. 
2. Increase the cross sectional! area of the line. 


3. Use line materials which have a low electrical resis- 
tance. 


Due to miniaturization and the development of larger 
capacity devices, there is a tendency for the overall line 
length to increase. On one hand, since line width is being 
reduced, it is necessary to use thicker film to increase the 
line cross section. However, doing so invites an increase 
in line capacitance, and it becomes difficult to create line 
patterns and to flatten the dielectric film on the top layer. 
Therefore, this cannot be regarded as an effective 
method. Line shorting caused by stress migration and 
electromigration also occurs frequently with the 
advancement toward line miniaturization and the 
accompanying high current density, making it difficult 
to assure long-term performance. For this reason, it is 
necessary to use line materials which are highly resistant 


to electromigration and stress migration, and which have 
a lower electrical resistance than aluminum alloy, which 
is the conventional material used. In conjunction with 
this, recent developments have dealt with line formation 
techniques which usegold,' copper,” and silver,*> which 
are lower in electrical resistance than aluminum. Of 
these, gold is one of the most promising materials 
because it can be selectively formed in electroplating, its 
chemical stability is high, and there is no risk of corro- 
sion. 


Reducing line capacitance is another way to accelerate 
operational speed. Rather than relying on process tech- 
nologies, this method deals largely with design and 
circuit layout techn’ques, such as using less stringent line 
spacing. With regard to the multilevel wiring schemes 
being developed, planarizing the dielectric film on top of 
the line (or, reducing the absolute level deviation) has 
become a major challenge. In fact, in areas where there 
are significant level differences, it is becoming difficult 
to achieve subminiature patterns using improved expo- 
sure techniques alone. This has led to the recent devel- 
opment of such techniques as chemical mechanical 
polishing,” which makes it possible to flatten global 
regions, and to the study of ultraflat dielectric films.* 


This report covers multilevel gold line formation tech- 
niques for high-speed devices using gold, a metal supe- 
rior to aluminum in terms of low electric resistance and 
high resistance to electromigration.° It also describes the 
electroplating method, which is superior in terms of step 
coverage, and the groove embedding method which does 
not generate absolute level deviations. 


Embedded Gold Line Formation Processes 


There are three key processes used in the formation of 
embedded gold lines. Figure | shows the process flow for 
groove-embedded gold lines. Following are details of 
each of the key processes used. 


1. Formation of Selective Electrolytic Gold Plating 
Sublayer 


A 2.0um insulating film is formed on a silicon substrate, 
and 1.5um deep line grooves are formed by reactive ion 
etching using photoresist. (See Figure 1a). After sepa- 
rating the resist, a 0.1m Ta layer is sputtered using the 
DC magnetron sputtering method. This sputtered Ta 
layer serves as: 


1. An adhesive layer between the Au and insulating layer, 
2. A current supply layer during electrolytic Au plating, 
3. A mask during electrolytic Au plating. 


In addition to tantalum, Ti-W and TiN were also exam- 
ined as gold sublayer films. The gold layer which serves 
as the growth nucleus of the gold plated layer is sputtered 
at a thickness of 0.03um on the tantalum, as shown in 
Figure 1(b). Next, a positive photoresist is applied on top 
as shown in Figure I(c). The entire surface is then 
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Figure 1. Process Flow for Embedded Gold Wires 
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exposed using 2 patternless mask, and developed. The 
exposure and developing conditions are adjusted to keep 
the resist inside the line grooves from being exposed at 
this time. In this way, only the resist on top of the field 
is removed, and the resist inside the line grooves 
remains, as shown in Figure 1(d). Using the resist which 
remains inside the grooves as an etching mask, the 
exposed sputtered Au layer is etched by Ar ion milling as 
shown in Figure I(e). The milling speed ratio of Au and 
Ta during Ar ion milling is 3:1. Since there is a large 
difference in film thickness between the two, a process 
margin can be easilyassured. Using O, plasma, the resist 
surfaces in the line grooves are processed by 0.2um 
ashing and removed. The sputtered Au layer in the line 
groove sidewalls is removed using Jiluted aqua regia, as 
shown in Figure I(f). This process is performed to 
prevent gold plate film growth on the sidewalls of the line 
grooves during gold electroplating. A method which ses 
Ar ion milling to remove the sputtered Au layer from the 
line groove sidewalls was also examined for use in this 
step. 


2. Selective Electroplating of Gold 


After the above processes have been completed, the 
resist is removed and gold electroplating is performed to 
produce a gold layer only inside the line grooves as 
shown in Figure I(g). A non-cyano compound with 
sulfur as the chief component is used for gold plating, 
with a near-neutral plating liquid containing 10g/! of 
gold. In the liquid, Au is present as gold sulfite complex 
ion. This is reduced to Au by externally supplied elec- 
trons. The basic conditions for Au electroplating call for 
a plating temperature of 40°C and current density of 
7mA/cm?*. Under these conditions, a gold plate film 
growth rate of 0.22um per minute can be achieved. Next, 
the exposed tantalum layer is etched using reactive ion 
etching with SF,+O, gas. The peripheral area is the 
embcdded gold line covered with tantalum, as shown in 
Figure |(h). Figure 2 shows a cross section after gold 
plating when Ti-W is used as the gold sublayer film. 
Figure 3 shows the cross section after gold plating when 
Ta is used as the Au sublayer film. When Ti-W is used as 
the sublayer film under sputtered Au, the plated Au 
becomes non-selective, and the Au plated film is pro- 
duced also on top of the field (it has also been confirmed 
that Au growth is non-selective when TiN is used as the 
sublayer film). On the other hand, when Ta is used as the 
sublayer film, Au film growth is selective, and the Au 
film is formed inside the line grooves with no growth at 
all on the Ta. The likely reason for this 1s that compared 
to WxOy natural oxide film which is formed on Ta, the 
plating current which passes through the Ta is not 
supplied to the liquid side due to the high insulating 
performance of Ta,O,, a natural oxide film which was 
formed on the tantalum. Also, when TiN ts used as the 
sublayer film, Ti oxides are not easily formed on the TiN 
surface, presumably because the plating current is not 
supplied to the liquid side. 


Figure 4 shows a cross sectional view when Ar ion 
milling is used to remove the sputtered Au layer from the 





Figure 2. Electrolytic Gold Plated Film formed by Non- 
Selective Growth (plated mask layer: TiW) 








Figure 3. Electrolytic Gold Plated Film Formed by 
Selective Growth (plated mask layer: Ta; sidewall 
etching: diluted aqua regia) 





line groove sidewalls. When Ar ton milling is used to 
remove the sputtered Au layer from the sidewalls. gold 
plate growth can be observed tn the sidewall areas. If 
diluted aqua regia is used, the gold will be completely 
removed from the groove sidewall areas due to the 
isotropic type progression of Au etching. However, when 
Ar ion million is used, re-adhesion of Au molecules after 
dispersion causes sputtered Au to remain in the sidewall 
areas. The step coverage of electrolytic gold plate 1s good 
regardless of the type of sublayer film used. and Au can 
be grown within line grooves having a high aspect ratio 
without generating voids. 

Tantalum has higher selectivity than electrolytic gold 
plate, and prevents dispersion of the Au. Also, using a 
laminated construction of tantalum and Au results in 
lower Au electromigration of Au. Tantalum is therefore 
extremely suited as a gold sublayer. 
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Figure 4. Electrolytic Gold Plated Film Formed by Non- 
Selective Growth (plated mask layer: Ta; sidewall 
etching: Ar ion milling) 





necuion process 1s the most important 
process in the formation of groove-embedded lines. 
Following 1s a description of the processes involved from 
formation of via-holes up to the creation of the second 
lay er of embedded Au lines 


A 2.5m insulating film 1s formed on the embedded Au 
lines created using the above processes (Figures 1a) 


through (h)). Then. using the via-hole pattern mask, 
reactive ion etching of the photoresist mask 1s performed 
to create yum deep via-hole patterns, as shown in Figure 
1(1). After the resist 1s removed, the line pattern mask is 
used to form the second line grooves !.5um deep, a 
shown in Figure !(j). Next, multi-level embedded lines 
are achieved using the same methods which were used to 


form the first embedded Au lines 


Figure 5 shows a cross sectional view after formation of 


the second line grooves. The via-holes have a tapered 
shape in order to allow etching of the grooves used for 
the second lines successively after the via-holes have 
been opened. The tapered shape ts essential in terms of 
processing, and serves to improve step coverage of 
subsequent Ta and Au sputtering, as well as prevent the 
generation of voids within the via-holes. Figure 6 shows 
a cross section of the second layer embedded Au lines 
formed using the processes described above. For pat- 
terns with a line width of 0.5m, line height of |.Spm 
and aspect ratio of 3, Figure 6(a) shows flatness of global 
sections. and Figure 6(b) shows the line shape. Figure 
6(a) shows the two lavers of lines with highly planar 
characteristics, where the problem of absolute step dif- 
ferences in global areas has been resolved. In Figure 6(b). 
it can be seen that the line shape adequately allows for 
applications in half-micron level devices. In this process, 
there 1s little electrical resistance in the lines as well as in 


JPRS-JIST-94-018 
29 July 1994 





Figure 5. Shape of Via-Holes after Etching of the 
Second Wire Grooves 





the via-hole areas. and coniplete filling ts achieved using 
Au which 1s highly resistaut to electromigration. In this 
way. long-term reliability can be assured for the lines 


Flectrical Characteristics of Embedded Au Lines 


Sheet resistance of Au/Ta lines was 16 millionQ per { 1. 
This value 1s 40% lower than conventional 0 8um thick 
Al lines, resulting in improvement of delay attributed to 
line resistance, and suppression of the drop in clectrica! 
potential at input/output areas of the circuit. Figure 7 
shows the correlation between via-hole resistance and 
via-hole size in the two-layer groove-enibedded Au lines 
formed using the above processes. Resistance was eval- 
uated for a chain of 10,900 via-holes inseries. Where 
via-holes are large, via-hole resistance is inversely pro- 
portional to the surface area of the via-hole However, in 
conjunction with the trend toward smaller via-noles, 
resistance 1s higher than anticipated, given this correla- 
tion. This 1s thought to be caused by the changes in 
via-hole size due to the micro-loading effect in the 
etching process during formation of the via-holes and the 
second lines grooves. 


Conclusion 


Highly planar multilevel embedded Au line formation 
techniques have been presented for high-speed devices. 
It has been shown that 0.5um class muitilaver Au lines 
having high global planar characteristics. tavorable elec- 
trical characteristics. and long-term rehability (in terms 
of less electromigration and stress migration). can be 
formed by using Ta as the sublaver film below the gold, 
and by using electrolytic gold plating method to embed 
the grooves. However, these techniques have not been 
perfected, and some improvement ts needed. Further 
study 1s needed to determine applicability to smaller size 
and higher aspect ratios (in conjunction with more 
advanced levels of integration in devices). as well as 
various key technologies such as plating and etching 
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Figure 6. Completely Planarized Second layer Gold Wires 
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Current Status, Future Outlook for Copper Line 
Technology 


94FE0267B Tokyo SEMICONDUCTOR WORLD 
in Japanese Dec 93 pp 158-163 


[Article by Arita, LSI Laboratory, NTT] 
[Text] 


Introduction 


To build wide band networks on a global scale, the 
creation of economical, high-performance systems which 
can process large amounts of signals a! ultra-fast speeds 
has been sought. At the same time, improved produc- 
tivity of data used in these systems will be a future 
problem. One of the keys in creating such systems is LSI 
technology. 


Performance of LSIs has improved according to the 
proportional reduction principle of devices. Given the 
known trends in size reduction, by the beginning of the 
21st century, the internal frequency of large-scale logic 
LSI chips is expected to be about 1GHz, or ten times 
faster than current performance. In conjunction with the 
faster operational speeds of large scale logic LSIs, comes 
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the need for faster large-scale memory LSIs, such as the 
DRAM, SRAM, and EEPROM. 


The signal propagation delay time of the LSI is well 
known; it is governed by delay which is specific to the 
device and that which arises in the lines. As further 
downsizing takes place in the future, the signal propaga- 
tion delay of large-scale LSIs will become governed by 
the line delay. 


Assuming that the LSI is operated at room temperature, 
in order to reduce the amount of line delay, a line 
material which is more resistant to migration and which 
has a lower electrical resistance than aluminum alloy, is 
desired. 


Based »n the above background, this report will cover 
the current status of key technologies in the areas of 
signal propagation delay of lines, line formation by 
Cu-CVD, Cu line patterning, Cu oxidation and disper- 
sion prevention, Cu line reliability, and lower tempera- 
ture multilevel processes. In addition, the future of Cu 
line technology will be discussed. 


Signal Propagation Delay in Lines 

With regard to signal propagation delay in LSlIs, line 
delay can be attributed to line resistance and to parasitic 
capacitance. In the past, LSI lines have been wide and 
line resistance has been low enough to ignore, when 
compared to the device resistance. Therefore, the line 
has been treated as a concentrated constant. However, in 
conjunction with the downsizing large scale integration 
of LSIs, it has become essential to decrease the line 
width, and line resistance can no longer be ignored. If the 
line spacing is optimized to prevent fringing parasitic 
capacitance in the horizontal direction of lines, the 
capacitance between lines and substrate can be reduced 
by downsizing; but the line delay caused by line resis- 
tance will become more pronounced. For long-distance 
subminiature lines, the line delay becomes a serious 
problem, because a distributed constant circuit which 
includes not only the capacitance but also the resistance 
must be considered (see Figure 1).' To reduce the line 
delay without complicating the circuit design, it 1s nec- 
essary to shorten the line length and reduce the line 
resistivity. 


1. Low Resistance Line Materials 


Materials which have lower resistance than the current 
aluminum alloys (which have a resistance of about 3 to 
3.5 pQ per centimeter), include Au (2.2 pQ/cm), Cu 
(1.69 pQ/cm), and Ag (1.630/cm). Figure 2 shows the 
line resistance of these materials, and the mechanical 
tensile strength which reflects the line strength.' Copper 
seems to be one of the favored candidates with regard to 
overall resistivity and migration suppression. 


2. Line Delay 


The correlation between line delay and line material 
corresponds to the difference in line resistivity.” On the 
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Figure 1. Correlation between Delay Time of Aluminum 
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ther hand, it has recently been shown that resistance to 
electromigration in copper lines (as compared to alu- 
minum alloy laminated lines) is better by a factor of 
about one hundred.* Consequently, the maximum per- 
missible operational current density in copper lines can 
be expected to be five to ten times better than in 
aluminum lines. Therefore, in large scale ultrafast logic 
LSIs, the difference in line delay attributed to the raate- 
rial arises not only from resistivity, but also from the 
difference in maximum permissible current density. In 
other words, when copper is used, resisiivily 1s twice as 
weak as aluminum, but there is also a difference in 
maximum permissible current sensitivity of a factor of 
ten; so the overall result of the two is that a line delay of 
a factor of ten can be anticipated. 


Also, with regard to line delay, the proportion arising 
from via-hole delay can be no longer be ignored, with the 
current trend toward smaller diameter vias. Figure 3 
shows the correlation between via delay and diameter. ' 
As the via becomes smaller, it becomes more important 
to reduce resistivity in the areas where the via-hole 
embedded metal contacts the upper and lower lines. 
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Line Formation by Cu-CVD 
1. Role of Cu-CVD Method 


Metal CVD (chemical vapor deposition), which has been 
used for many product generations to achieve high yield 
embedding of high-aspect ratio contacts and via-holes. 
will inevitably be used in the future in deep submicron 
class products. Some typical examples of metal CVD 
include blanket and selective W-CVD. In addition, 
progress has been made in the development of Al and 
Cu- CVD methods, which have been introduced on a 
trial basis in some devices. 


The following can be said regarding the role of Cu-CVD 
technology as compared to other techniques. First, W 
and Al blanket and selective CVD are regarded to be best 
for embedding high-aspect ratio patterns, subminiature 
contac’s and via-holes where sputtering cannot be 
avoided, as shown in Figure 4(a) and (b). All of the CVD 
techniques are regarded to be difficult to use to produce 
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extended lines in ultrafast large-scale logic LSIs, where 
low line resistance is needed. Resistivity of W-CVD film 
is 9-15 w2/cm. and polycrystal pure Al blanket CVD has 
a resistance of 2.7 u£2/cm; both of these are higher than 
Cu. It has also been discovered recently that laminated 
Cu film has a higher suppression of migration.*-'* 


Polycrystal Cu blanket CVD is different from W and Al 
selective and blanket CVD in that lincs having both low 
resistance and high suppression of migration can be 
achieved, in addition to embedding. Its biggest advan- 
tage is that it can be used for the next several generations 
(see Figure 4{c)). It does away with the need for an 
etchback process and also resolves the problem of selec- 
tive breakdown. In addition, it can be used to fill the 
trenches in insulating film with copper, where lines are 
to be formed (see Figure 4(d)). 


2. Cu-CVD 


Cuprous hexafluoroacetylacetonate (Cu(HFA),) is a typ- 
ical precursor of Cu-CVD. However, this substance is 
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Figure 4. Hole Embedding and Wire Formation by Various Metal CVD Methods 
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solid at room temperature, and the deposition rate by 
heat decomposition at a substrate temperature of 350°C, 
is a slow 20-30 nanometers per minute, which impedes 
practical implementation. By adding water as a reactant 
gas, the rate of deposition can be increased by a factor of 
about ten.’ In addition, cuprous hexafluoroacetylaceto- 
nate trimethylvinylsilane (HFA)TMVS (see Figure 5) has 
recently been synthesized by replacing one of the HFA 
molecvies with an olefin.° Since this is a liquid at room 
temperature, it 1s easier to handle as a precursor. Also, by 
using a liquid mass flow, the flow can be directly 
controlled, and Cu-CVD can be achieved with superior 
consistency. By using Cu blanket CVD with this pre- 
cursor and liquid mass flow, it has been possible to 
achieve high-aspect via-holes about 0.2um in diameter, 
which are completely embedded. In addition to 
achieving low-temperature embedding (under 200°C), 
this technique can also be used for circuit lines.’ 


In metallized blanket CVD, some type of core is needed 
to assure uniform deposition on the insulating film. A 
metal seed layer is used for this purpose. The surface of 
the metal seed layer works as a Lewis base and serves as 
an electron donor, electrons are emitted to the precursor, 
a bonding orbital is formed and the metal is precipitated. 
The precursor side works as a Lewis acid and serves as 
electron receptor, an anti-bonding orbital is generated, 
the molecular bonds of the precursor are broken, and 
decomposition occurs. 


Typical barrier metal layers used in addition to the seed 
layer in Cu blanket CVD are TiN, TiW, and Ta. It is 
necessary to perform CVD, PVD, RIE, cleaning, and 
RTA in-situ to assure high-yield line processing in tech- 
niques which use barrier metals and adb<siwon layers. A 
high-performance cluster device will h< a key system in 
the development of future circuit lise technologies. 


Patterning Techniques for Copper Lines 


1. Reactive lon Etching (RIE) of Copper 


An ashing process is normally required in anisotropic 
RIE using resist as a mask. Because copper is easily 
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oxidized by oxygen,® ashing methods which suppress 
oxidation have been considered. Two effective RIE 
methods in which copper does not come in contact with 
anoxidation atmosphere involve first using an inorganic 
oxide film or nitride film. 


The gas used in Cu-RIE consists of a mixture of silicon 
tetrachloride, chlorine, nitrogen, and ammonia; to 
enable etching at 250°C or higher.*'* The copper bonds 
with chlorine and vaporizes in the form of CuCl. Vapor 
pressure is highest for CuCl trimer (See Figure 6).” 


The RIE etch rate for copper is governed by the rate of 
CuCl production, which is determined by the amount of 
chiorine supplied, and by the rate of CuCl desorption. 
When the partial pressure of chlorine is high, desorption 
is accelerated. Therefore, the RIE rate can be increased 
by using some means to adjust the desorption rate of 
CuCl produced on the copper surface. One way could be 
to introduce AIC] into the gas during RIE etching. This ts 
because bonding of CuCl and AICI results in the produc- 
tion of volatile Al,CuCl,.'> However, vapor pressure 
might be relatively low compared to CuCl. Another way 
might be to use light irradiation to accelerate desorption 
of the CuCl produced during RIE.'* 


To date, an RIE rate of about 100nm/min has been 
achieved using an inorganic insulating film as mask, and 
a substrate temperature f 280°C, resulting in fabrication 
of highly reliable subminiature copper lines approxi- 
mately 0.4um in size.‘ 








This report contains information which is or may be copyrighted in a number of countries. Therefore, copying and/or 
further dissemination of the report is expressly prohibited without obtaining the permission of the copyright owner(s). 














2. Trench Embedded Lines in Insulating Film 


One way to achieve copper line patterning without 
reactive 10n etching ts to use the recessed wiring n.ethod. 
Trenches are first formed in the insulating film in areas 
where the copper lines are to be created. a barrier metal 
is deposited. copper 1s filled using either blanket or 
selective CVD. and then a chemical-mechanical pol- 
ishing method is used for planarization to form 
embedded circuit lines (see Figure 4(d)). Although this 
method does not require Cu RIE processing, it does call 
for a new chemical-mechanical polishing method. In- 
process meta! polishing 1s still a brand new technology. 
and cannot be easily compared to the RIE method which 
has a history of close to 20 years. However. it can be said 
that both methods have both strong and weak points. An 
overall objective comparison will be needed for future 
production technology, and research activities are pro- 
gressing in that respect. 


Cu Oxidation and Prevention of Dispersion 


The differer-es between the structure of Cu laminated 
lines and aluminum alloy laminated lines (which are 
used extensively at present) are that in order to prevent 
the dispersion of copper in the CVD-SiO, interlayer 
insulating film at low temperatures. it is necessary to use 
a barrier metal to cap the copper sidewalls. For example. 
the most primitive method consists of first etching the 
copper by RIE, then depositing a TiN film by blanket 
CVD. which ts superior in level coverage, the sidewalls 
are then capped by RIE etchback. Another way ts to 
deposit the Cu film on Ti. and precipitate Ti atoms on 
the Cu surface by heating in a nitrogen atmosphere: at 
the same time, nitriding is performed and TiN is pro- 
duced, to achieve a self passivation film.'' 

Reliability of Copper Lines 

Figures 7 and 8 show electromigration characteristics of 
Cu film produced by sputtering and by CVD, 
respectively. -'* These results reflect the degree of tensile 
strength of copper, and in both cases suppression of 
electromigration is better than aluminum by a factor of 
about 100. 


Use of Lower Temperature Multilayer Processing 


The wiring of future high performance. large-scale logic 
LSIs will necessitate global planarized multilayered 
lines. and will inevitably require four or five layers 
instead of the current three layers. If no problems are 
encountered with regard to increased cost, increased 
turnacound time, and lower yield; even six or seven 
layers can be expected. Repetition of high temperature 
processes above 400°C could increase the occurrence of 
voids and hillocks in multilevel wiring. 


As the spacing between lines becomes narrower in 
conjunction with recent trends, the use of lower tem- 
perature planarized multilevel line processes will 
become essential to achieve highly reliable lines. This 
includes the temperature of metal sputtering and metal 
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Figure 7. Lifetime of sputtered Cu Laminate Wires and 
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CVD, the deposition temperature of interlayer insu- 
lating film, and annealing performed after wiring has 
been produced. A temperature of about 400°C is used 
for deposition of interlayer insulating film; the ECR- 
CVD method is one way in which a lower temperature 
production of the interlayer film can be achieved. 
When this method is used, high quality SiO, film 
which has the large moisture trapping effect'® needed 
to increase resistance to hot electrons can be formed at 
about 200°C or lower. 








This report contains information which is or may be copyrighted in a number of countries. Therefore, copying and/or 
further dissemination of the report is expressly prohibited w:thout obtaining the permission of the copyright owner(s). 














JPRS-JST-94-018 
29 July 1994 


Conclusion 


Future acceleration of large-scale logic and memory LSIs 
will be linked to the problem of line delay. To seduce the 
amount of line delay, it will be necessary tu use low- 
resistance line materials. In order to shorten the length of 
lines, it will be necessary to use four to seven layers of 
global- planarized multilevel wiring. Copper is a prime 
candidate for wiring material, because its line delay is 
about ten times less than that of aluminum alloy lines. 


Needless to say, achieving higher performance multilevel 
wiring, shorter producti »n turnaround time, lower cost, 
ultra-high reliability, ana high yield will be fundamental. 


New equipment for copper line production includes low 
temperature blanket CVD equipment for Cu and barrier 
metals, Cu-RIE equipment and metal planarizing/ 
polishing equipment, and RIE equipment for creating 
via-holes between insulating layers. In addition to the 
new equipment, it will be possible to adapt conventional 
aluminum line production equipment for copper lines. 


It is expected that copper line technology will be adopted 
soon with minimum loss, since the enormous resources 
sued in Al line technologycan be logically utilized. 


Implementation of Cu lines in LSIs will likely begin with 
large scale logic LSIs such as microprocessors (where 
ultrafast operation is required), and then continue on to 
large-scale memory LSIs. 
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Introduction 


Wafer processing techniques have become more com- 
plex and precision oriented in conjunction with more 
advanced levels of integration and function of VLSI 
devices. In particular, multilevel wiring technology occu- 
pies an extremely critical position with regard to 
achieving desired performance and function. Further 
downsizing and higher performance isdesired. 


Over the past few years, requirements for interlayer 
insulating film have emphasized flatness. Planarizing 
techniques such as TEOS-O, APCVD,' H,O-TEOS 
PECVD,” and bias ECR CVD,’ which use an organic 
silane source, have been proposed. When using these 
methods, subminiature line gaps can be embedded 
without generating voids. By combining them with an 
etchback method and CMP, global planarizing can be 
achieved. 


On the other hand, with the increase in line density, the 
floating capacitance of the line can no longer be ignored 
with regard to accelerating the operational speed of the 
device.” Reducing this line floating capacitance will be a 
problem in multilevel wiring techniques. One of the 
most effective ways to achieve this is to use an interlayer 
insulating film which has a lower dielectric constant. 
Various types of low dielectric constant materials are 
currently being developed. Of these materials, silicon 
oxide film with fluorine added (SiOF) has drawn signif- 
icant attention. FTES-H,O room- temperature catalyst 
CVD* and SiF,-O, ECR CVD have been proposed as 
fabrication methods. 


As indicated above, flattening and the use of lower 
dielectric constant film are extremely critical in 
achieving high performance VLSI interlayer insulating 
film. This report will discuss the fabrication of SiOF film 
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using parallel flat-type PECVD equipment that is ordi- 
narily used for the production of plasma silicon oxide 
film (PE-SiO). The structure and composition of films 
created in this way will be discussed, and thermal 
processing stability of the film will be examined. Then, 
the effects of adding fluorine will be covered with regard 
to the dielectric constant and gap embedding. 


Formation of SiOF Film by PECVD 


SiOF film has been formed using the extremely simple 
method of adding C,F, to ordinary TEOS-based 
PECVD. C,F, is a gas that is normally used for chamber 
cleaning in CVD equipment. Figure 1 shows a block 
diagram of parallel plate-type PECVD equipment used 
for film formation. The RF power frequency is 
13.56MHz. The source gas consists of adding CF, 
fluorine to TEOS, He, and O,, which are normally used 
for PESiO formation. TEOS is supplied from a bubbler 
placed in a constant temperature layer, and its flow is 
adjusted by the flow of carrier He. The concentration of 
fluorine in the film is controlled by adjusting the C,F, 
flow. Table 1 shows typical formation conditions. 





Conditions for Formation of SiOF Film by PECVD 























Gas Flow 
He 400sccm 
O2 400sccm 
C2F6 0 - 400sccm 
Temperature 360°C 
Pressure 9 Torr 
RF Power 2.2W/cm2 








Figure 2 shows the correlation between CF, flow and 
rate of deposition. When C,F, flow is 0 sccm, the film 
which is produced is ordinary TEOS based PE-SiO. The 
rate of deposition tends to decrease with an increase in 
the C,F, flow amount. Possible reasons for this decrease 
in deposition rate might be a drop in the TEOS partial 
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Figure 1. PECVD Equipment 
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Figure 2. Correlation between Film Deposition Rate and 
C.F, Flow 





pressure due to an increase in overall flow amount, 
etching of film surface by C,F, in the plasma, or an 
actual reduction in the activator due to gaseous reaction 
of TEOS and C,F,. 


Figure 3 shows the variation in the refractive index of 
the film relative to the C,F, flow. The refractive index of 
the film tends to decrease together with an increase in 
the CF, flow. This indicates that the addition of C,F, 
brings about a change in the film that is formed, possibly 
due to a drop in the film density or change in the film 
composition. In general, film with a low refractive index 
also has a low dielectric constant. The refractive index is 
also linked to a drop in the dielectric constant, as 
described below. 
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Structure and Composition of SiOF Film 


To iavestigate the causes of change in refractive index 
brought about by addition of C,F,, the structure and 
composition of the film which is formed was analyzed by 
FT-IR (Fourier transformation infrared spectroscopic 
photometer) and XPS (X-ray electro-optical spectral 
method). 


Figure 4 shows the FT-IR absorption spectrums for 
PE-SiO and SiOF films. In PE-SiO, absorption peaks 
were observed at 1060cm™' and near 815cm"', which 
corresponds to the SiO bonds. However, in SiOF film, a 
new peak was observed near 930cm™', which tends to 
increase in conjunction with an increase in the CF, 
flow. This peak is attributed to the Si-F bond,’ and 
indicates that fluorine has bonded with silicon in the 
film. On the other hand, the SiO peak shifts to the high 
frequency side and becomes sharper in conjunction with 
formation of the Si-F bonds. This means that addition of 
C.F, not only results in formation of SiF bonds, but also 
that the Si-O bonds are affected in some manner. 


Figure 5 shows the correlation between the concentra- 
tion of fluorine in the film and the C,F, flow rate, found 
from the XPS depth profile.* The fluorine concentration 
increases in conjunction with an increase in the C,F, 
flow, and tends to become saturated at 14 atomic %. This 
is thought to occur because increasing the C,F, flow 
causes severalfluorines to bond to the silicon (such as 
-Si-F, or -Si-F,), and these materials have a higher vapor 
pressure. Therefore, the probability of them remaining 
in the film is lower. However, at the same time, within 
the range of 0-14 atomic %, it can be seen that adjusting 
the C.F, flow controls the concentration of fluorine 
within the film. Also, under any conditions, the amount 
of residual C was the same as PE-SiO, or less than 0.1 
atomic %. 


From an evaluation of the FT-IR and XPS analyses, it 
was discovered that by adding C,F, to TEOS-based 
PSiO, Si-F bonds were formed within the film, and that 
the concentration of fluorine within the film could be 
controlled within the range of 0-14 atomic % by 
adjusting the C,F, flow. in addition, from the behavior 
indicated by the SiO peak in the FT-IR spectral analysis, 
it was discovered that the fluorine not only enters into 
the film, but that the SiO bonds themselves are changed. 


Heat Treatment Stability 


Next, the stability of SiOF film with regard to heat 
treatment, and in particular the stability of fluorine 
within the film, will be discussed. 


Figure 6 shows the variation of the FT-IR spectrum 
brought about by heat processing of SiOF film. Heat 
processing was performed for thirty minutes in a 
nitrogen atmosphere at 400°C, 600°C, and 800°C. In 
conjunction with the increase in temperature, the SiF 
peak tends to decrease slightly in the vicinity of 930cm"', 
and most of the SiF peak remains even after 800°C 
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processing, while there is a 20% reduction in the amount 
of fluorine. This indicates that the Si-F bonds in the film 
are relatively stable with regard to heat processing. 


However, the fact that desorption of fluorine occurs 
(even though only a very small amount), is of major 
concern to the effects on device reliability. With regard 
to the effects of fluorine, it has been reported that 
fluorine suppresses the formation of hillocks in alu- 
minum alloy lines, and that the level of the Si-SiO, 
interface is reduced.'° However, this has not been suffi- 
ciently explained, and it is important that the effects and 
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behavior of desorbed fluorine be clarified in the future, 
as well as improving the heat resistance properties of 
SiOF film. 


Dielectric Constant of SiOF Film 


The effects of fluorine additive on the dielectric constant 
will next be discussed. Figure 7 shows the dielectric 
constant of SiOF film relative to the concentration of 
fluorine in the film. Also shown is the variation in 
dielectric constant before and after thermal processing 
(at 400°C, hydrogen atmosphere). The fluorine concen- 
trations shown in the figure are before thermal pro- 
cessing. The relative dielectric constants were found by 
generating MIS diodes and taking C-V measurements (at 
1MHz). 


Before thermal processing is performed, the dielectric 
constant is about 4.9, which is extremely high compared 
to thermal oxidized film (3.9). This is thought to be 
caused by the effects of impurities such as Si-OH and 
H,O contained in the film.' However, the dielectric 
constant drops in conjunction with an increase in the 
fluorine concentration in the film, and at 10 atomic % 
and higher concentration, the dielectric constant is lower 
than thermal oxidized film. Since fluorine is highly 
negative in electrical polarity, it affects the Si-O bonds in 
the film, as shown in the FT-IR spectrum in Figure 4. 
The dielectric constant is thought to drop because of the 
change in polarizability. 


On the other hand, after heat processing is performed, 
the dielectric constant is lower than before thermal 
processing for any concentration of fluorine. In spite of 
the fact that a small amouni of fluorine becomes des- 
orbed by the thermal processing, the dielectric constant 
drops, thereby causing the desorption of impurities in 
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the film such as SiOH and H,0O. In other words, the 
effects associated with a lower dielectric constant caused 
by desorption of impurities such as SiOH and H,O in the 
film, are greater than the effects associated with the rise 
in dielectric constant caused by desorption of the fluo- 
rine due to thermal treatment at 400°C. The dielectric 
constant after thermal processing is 3.6 for a fluorine 
concentration of 14 atomic %, which is extremely low. 
Improving the thermal resistance properties of SiOF film 
would further reduce the dielectric constant. 


Gap Embedding Characteristics 


Figure 8 shows a cross sectional SEM photograph of 
PE-SiO and SiOF films formed on top of subhalf-micron 
lines. The sample had a line height of 600nm, width 
400nm, gap 400nm and SiOF film thickness of 500nm. 


In generai, it has been shown that TEOS based PE-SiO 
has better step coverage than SiH, based PE-SiO, and 
this is because the surface of the TEOS base is highly 
fluid.'? However, in TEOS base PE- SiO, gaps could not 
be embedded on the submicron level lines used in this 
test, and large voids were formed as shown in Figure 8. 
As a possible means of improving the gap embedding 
properties of TEOS based PE-SiO, it has been suggested 
that NF, can be added.'* However, in this test, the same 
results were obtained using C.F, additive. 


Up to a C.F, flow rate of 200sccm, gap embedding 
properties tend to improve together with an increase of 
C.F, flow up to 200sccm. At 100sccm, the voids become 
smaller; and at 200sccm, the gaps are completely 
embedded with no voids present at all. In addition, the 
shape at the line sidewall area is a straight taper. This 
shape resembles that in sputter etching, and is thought to 
occur due to etching of the film surface by C,F, plasma. 
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Figure 8. Gap Embedding Characteristics of PE-SiO (a) and SiOF Film according to C,F, Flow ((b) 100sccm, (c) 
200scem, (d) 300sccm, (e)400sccm) 





However, once the flow of C.F, exceeds 300sccm.gap 
embedding properties tend to deteriorate. At 300sccm., 
the taper in the vicinity of line sidewalls 1s steep while 
gaps are still embedded: but at 400scem, slits are formed 
between the lines and gaps are not embedded. This 1s 
thought to occur because, in addition to reaction caused 
by etching of tilm surface by C.F,, the vapor reaction 
between TEOS and C .I 


the reactive agent drops 


From the above results, using TEOS based PE-S10O as the 
S:OF film embedding properties are (1) 
improved by surface reaction (etching of film) by C.F, 
and (2) deteriorate due to the vapor reaction 
between TROS and © .F, (surface fluidity of the reactive 
agent drops). The embedding properties therefore seem 
to be determined by a balance between these two reac- 
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standard 


plasma 


Conclusion 


SOF film has been produced using an extremely simple 
method of adding C.F, to TEOS-based PECVD. It was 
discovered that adding C.F, forms S1-F bonds and also 
affects the Si-O bonds. Asa result, the dielectric constant 
drops according to the concentration of fluorine in the 
film. and drops to an extremely low value of 3.6 for a 
concentration of 14 atomic %o. In addition, by adding the 
(.F,. gap embedding properties were improved, and 
submicron level gaps could also be completely 
embedded. Consequently, SIOF film produced in this 
manner has a very bight outlook for applications tn 
future VEST interlayer insulating film, in view of its 
planar and low dielectric constant properties. 
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Introduction 


In conjunction with higher levels of integration being 
adopted in LSIs, the capacitance between lines increases, 
causing signal delay, interference, and noise; thereby 
inhibiting faster operational speeds. To resolve this 
problem, it has become important to use interlayer 
insulating films which have lower dielectric constants. 


At present, CVD methods which utilize TEOS are chiefly 
used for interlayer insulating films because of the supe- 
rior planar properties. However, when TEOS is used, it is 
impossible to avoid mixing of hydrocarbons and OH in 
the film, which is thought to increase the dielectric 
constant. (E4). High quality SiO, film has been produced 
using the ECR plasma CVD method with SiH, and 
O,'*; and silicon oxide films with a dielectric constant 
of 3.8, which is about equal to that of thermal oxide films 
have been achieved.> However, to achieve even lower 
dielectric constants, new materials will likely have to be 
developed. 


The authors aimed to achieve a low dielectric constant 
film by using SiF, as the source gas instead of the 
conventional SiH,, in ECR plasma CVD. It was thought 
that a lower dielectric constant could be achieved 
because the negative electrical polarity of fluorine was 
less than that of oxygen. In addition, SiF, does not 
contain hydrogen. OH groups are not produced at all in 
the film—this would be another advantage toward 
achieving lower dielectric constants. Other research is 
being done on low dielectric constant film formation 
including using CVD with fluorine organic silicon com- 
pound gas®, and adding NF, or C,F,° fluorine com- 
pound gas to TEOS. 


This report will discuss the film properties of low dielec- 
tric constant SIOF film which was produced using ECR 
plasma CVD with SiF, and O, as the source gasses.” 


Equipment Configuration 


Figure 1 shows the ECR plasma CVD device which was 
used to produce the SiOF film. Film was fabricated by 
introducing SiF, instead of SiH,, in a conventional SiH,, 
O, ECR plasma CVD system. The equipment consisted 
of two chambers—a plasma chamber and a reaction 
chamber. Microwaves were routed to the plasma 
chamber through a microwave window. Input of micro- 
wave power was maximum 3kW. With regard to source 
gases, SiF, was routed from the reaction chamber, and 
O, and Ar were introduced from the plasma chamber. 
An electrostatic type sample platform was used, and by 
adjusting the temperature of the refrigerant temperature, 
a filmformation temperature ranging from room temper- 
ature to 300°C could be used. In addition, high frequency 
of 13.56MHz could be applied. 


Figure 2 shows the overall configuration of the equip- 
ment. This equipment is the new ECR plasma CVD 
device CN4000 for O, based SiO, film production, and 
enables the fabrication of SiOF film using SiF, instead of 
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Figure 1. ECR Plasma CVD Equipment 
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Figure 2. Equipment Composition (CN4000) 


























SiFH,. The equipment has two ECR chambers, and 
achieves a throughput of 25 wafers per hour. By means of 
thorough chamber temperature control, particulate con- 
trol can be achieved to less than 10 particles (on 8-inch 
wafers). 


Film Characteristics 


Figure 3 shows the correlation between the rate of film 
growth and SiF, flow. The rate of film growth increases 
in a linear manner relative to the SiF, flow rate. It was 
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Figure 3. Correlation between Film Formation Rate and 
SiF, Flow (O,: AR=80:43sccm, microwave 2.8kW) 





discovered that a high rate of about 9000 angstroms per 
minute can be achieved. Although SiF, and O,do not 
react at normal temperature, the reaction is likely accei- 
erated by ECR plasma, resulting in a high film growth 
rate. 


To evaluate the film quality, the etch rate by buffer 
hydrofluoric acid (BHF, SO%HF: 40% NH, F=15:85). 
The results are shown in Figure 4. The Y axis shows the 
etch rate for thermal oxide film etched under the same 
conditions. When film was grown at room temperature 
without applying bias, the etch rate was about three to 
four times that of thermal oxide film; but film quality 
can be improved by heating the chuck to 300°C. The etch 
rate can be improved to about the same level as thermal 
oxide film by applying a high frequency bias to the 
substrate. The reason for this is because application of 
heat and ion energy forms a finer film. 


The dielectric constant of SiOF film was found by taking 
a C-V measurement (at 1MHz) of the MIS (Al/1000 
angstrom SiOF/p-Si) diode. Figure 5 shows the correla- 
tion between the dielectric constant and the SiF, flow. 
When film is formed at room temperzture without 
applying bias, the dielectric constant drops from 3.9 to 
3.6 in conjunction with an increase in the SiF, flow. 
When the substrate is heated to improve film quality, 
and the film is formed while applying thermal energy, 
the dielectric constant dropped further to 3.4. By 
applying a high frequency bias and adding ionic shock 
energy, a low dielectric constant of about 3 was achieved. 
This is thought to occur because growing film while 
adding thermal and ionic shock energy strengthens the 
SiF bonds, and this affects polarity. Details regarding the 
causes of the lower dielectric constant are currently being 
studied.Figure 6 shows the insulating characteristics of 
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Figure 4. Correlation between BHF Etch Rate and SiF, 
Flow (O,:Ar=80:43sccm, microwave 2.8kW) 
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Figure 5. Correlation Between Dielectric Constant and 
SiF, Flow (O,:Ar=80:43sccm, microwave 2.8kW 





the film which is produced. Insulation of 6-8 MV/cm was 
ioe which is sufficient for interlayer insulating 
ilms. 


The bonding status of fluorine within the SiOF film was 
investigated by FT-IR. Figure 7 shows the FT-IR spec- 
trum. Absorption by Si-F was observed in the vicinity of 
930cm"', and fluorine bonded with silicon in the film. 
The amount of fluorine in ‘he film was about 10 
atomic%, as measured by RBS analysis. Since gas con- 
taining hydrogen was not used in the film forming gas, 
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Figure 6. Insulating Characteristic (SiF ,:0,=42:80sccm, 
microwave 2.8kW, film formation temperature 300°C, 
dielectric constant 3.6) 





there was no hydrogen in the film; and absorption by 
SiON and H-OH was not observed. This is also thought 
to be one cause of the lower dielectric constant. 


Next, the stability of fluorine was examined. If desorp- 
tion of fluorine in the film occurs due to breaking of the 
Si-F bonds, this may result in corrosion of the wires and 
other deterioration of the device characteristics. There- 
fore, the stability was studied by comparing the FT-IR 
Si-F absorption peaks before and after a pressure cooker 
test (120°C, 85%, 1.7kg/cm’, 100 hours). The results are 
shown in Figure 8. No change was observed in the Si-F 
absorption peaks before and after the pressure cooker 
test, and Si-F bonding was stable in the film. 


A TDS (thermal desorption spectroscopy) analysis was 
performed in order to further investigate the stability of 
fluorine. Figure 9 shows a TDS spectrum for a mass 
number of 19. For reference, the spectrum of thermal 
oxide film is also shown. The mass number 19 corre- 
sponds to '°F and '*OH; and since there is no fluorine 
present in the thermal oxide film, it corresponds to the 
'8OH spectrum. Results are shown for SiOF film formed 
while applying high frequency bias in the region below 
1100°C and also for SiOF film formed without the 
application of high frequency bias. The signal strength 
was the same level as the reference thermal oxide film, 
and desorption of fluorine was not observed. Where 
temperature exceeded about 1 150°C, desorption of fluo- 
rine occurred in SiOF film formed without application 
of the high frequency bias. However, no fluorine desorp- 
tion was observed in SiOF film formed with high fre- 
quency bias, even when heated to 1250°C. From these 
results, it seems that the Si-F bonds in the SiOF film are 
extremely stable thermally, that device deterioration 
caused by desorbed fluorine is minimal, and there are 
few problems related to wire corrosion. 


Figure 10 shows a cross sectional SEM photograph for 
SiOF film with embedded lines and spaces at an aspect 
ratio of 3.8 (space width 0.354m, depth |.3um). (One 
layer of TiN was deposited on top of the SiO” pattern 
used in order to emphasize the bounded with SiOF film.) 
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Figure 7. FT-IR Spectrum of SiOF 
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Figure 8. Change in Si-F Absorption Peak before and 
after Pressure Cooker Test 
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Figure 9. TDS Spectrum for Mass No. 19 (temperature 
range: room temperature to 1250°C, rate of temperature 
rise: 10° per min) 





Complete embedding could be achieved even for this 
high-aspect pattern, without the occurrence of voids, 
confirming ihe high capability of ECR plasma CVD 
embedding and planarization. 

Conclusion 


As the downsizing trend continues to progress from the 
half-micron to the sub half-micron level, multilevel 
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Figure 10. Sectional SEM Photograph (width 0.35m, 
aspect ratio 3.8 L&S) 
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wiring has become essential, and a correlation is 
becoming evident between line performance and opera- 
tional speed of the device. To achieve further downsizing 
and to a..celerate operational speed, it is essential to have 
a low dielectric consiant interlayer insulating film. A 
number of processes have been suggested for this pur- 
pose. The authors experimented with the formation of 
SiOF film by ECR plasma CVD with the objective of 
applying it to low dielectric constant interlayer insu- 
lating films. 


As a result, it was discovered that a low dielectric 
constant of about 3 could be achieved by applying high 
frequency bias to the SiOF film. Also, 0.354m width (3.8 
aspect ratio) line and space pattern could be embedded 
in this SiOF film without the occurrence of voids, and 
the film can well be used as interlayer insulating film 
because of its superior insulating properties. For appli- 
cation in devices, stability of fluorine is a critical factor. 
From a pressure cooker test and TDS analysis, it was 
confirmed that the fluorine in the SiOF film bonded to 
silicon in a stable manner. 


In the above manner, it was discovered that ECR plasma 
CVD using SiF, and O,, could be used to produce high 
quality insulating film having a low dielectric constant. 
By using low dielectric constant SiOF film as the inter- 
layer insulating film in future LSIs, problems associated 
with downsizing and high level integration, such as 
signal delay and interference noise can be resolved, 
thereby contributing to the acceleration of the device’s 
operational speed. 
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Introduction 


In conjunction with the downsizing of lines in semicon- 
ductor ICs, there has been fear of lower performance due 
to electromigration (EM) and stress migration (SM) in 
conventional aluminum lines. This type of problem has 
been predicted for some time, and has led to the devel- 
opment in the 1980's of copper lines which are highly 
resistant to stress migration. Copper has a high melting 
point, is highly resistant to EM, and has a low bulk 
resistance of 1.7202 per cm, making it an ideal candi- 
date for application in subminiature lines. However, 
when copper lines are formed using the conventional 
RIE method, an acceptable etching rate cannot be 
achieved at low temperature due to the low alide vapor 
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pressure of copper, and :t is difficult to perform isotropic 
etching. It is also difficult to form guard film on the side 
and upper surfaces of the lines to prevent dispersion of 
copper to the oxide film and silicon, and to prevent 
oxidation. The concept of self-alignment was developed 
as a means to deal with these problems associated with 
copper RIE. This does not entail forming the lines by 
etching the copper thin-film directly, but by forming the 
copper lines along an impression of the lines which are 
created beforehand. Some examples of this include selec- 
tive growth and plating methods. One process called the 
“damascene” method can be used to form lines using 
self-alignment.' In this method, groove-shaped lines are 
formed on the insulating film, copper thin-film is depos- 
ited on top, and then the copper remaining on top is 
removed using a chemical polishing technique, resulting 
in embedded lines. 


This report will discuss the formation of copper lines 
using this damascene method, and the properties of the 
lines created. 


Outline of Damascene Method 


Damascene can mean “inlaid work” or “of Damascus.” 
Here, it refers to the work of inlaying decoration such as 
metal into a pattern which has been carved into a 
material. In the world of semiconductors, a method of 
forming embedded lines by carving grooves into the 
insulating film and then filling the grooves with metal 
has been proposed by Kaanta of IBM. With regard to the 
background of this technique, chemical mechanical pol- 
ishing can also be used as an interlayer fabrication 
process; and it has been shown that grooves and contact 
holes can be filled with copper, leaving no gaps by using 
CVD. Thus, the damascene method has become a 
reality. 


Figure | shows a conceptual diagram of Cu line forma- 
tion processes by the damascene method. First, the flat 
insulating film which is to be the sublayer is formed, and 
grooves are formed by anisotropic etching. In view of the 
loading effect of etching, the insulating layer is lami- 
nated, and the lower insulating film serves as an etching 
stopper. As an adhesive and barrier layer between Cu 
and insulating film, a thin layer of TiN thin-film is 
deposited over the entire surface. To ensure sufficient 
film thickness and prevent dispersion of copper to the 
lower and side walls (even when the aspect ratio of the 
groove is high), a TiN film was formed using CVD which 
provides good coverage.” Next, a good coverage CVD 
method was used to deposit copper thin-film, burying 
the grooves in a blanket manner. Lastly, the copper was 
removed from the upper part of the grooves by chemical- 
mechanical polishing,’ resulting in groove-embedded 
lines (see Figure 2). 


Properties of Film Formed by CVD-Cu 


When fabricating Cu lines using the damascene method, 
it is essential to deposit the Cu thin-film without creating 
Cavities in the high aspect-ratio line grooves. CVD is 
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Figure 1. Formation of Copper Wires by Damascene 
Process 





effective in achieving this. At present, beta diketone 
copper organic complex* is chiefly used as the source gas 
in CVD-Cu (see Table 1). Of these gases, those which are 
liquid at normal temperature, and which have a high 
vapor pressure, increase the stability of supply. The 
authors used Cu(HFA)TMVS,° which meets these con- 
ditions; and stable film properties were achieved. When 
hydrogen is used as the carrier gas, deposition rate of Cu 
is about 100nm/min, and resistance is 2.0%.Q2/cm or less. 
As for the correlation between film growth and temper- 
ature, growth is determined by surface reaction at low 
temperature, and by supply in the high temperature 
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Chemical-Mechanical Polishing of Copper 


Chemical-mechanical polishing (CMP) consists of a 
mechanical abrasion of a polishing cloth and polishing 
liquid compound, and of etching by chemical agent 
contained in the polishing liquid, to achieve a flat 
surface without causing damage to the surface. The 
authors used a commercially available polishing device, 
cloth, and liquid for CMP of the copper. The polishing 
agent was weakly acidic and contained diamond com- 
pound. Figure 3 shows the condition of a surface where 
Cu and oxide film are present, after polishing, by means 
of an atomic level microscope. Although polishing 
damage in the form of scratches can be observed on the 
surface, their depth is only several angstroms when the 
cross-section is viewed, and they have no significant 
effect on surface flatness. In addition, the copper surface 
is not completely flat; granular type copper can be 





igure opper Li armed by Damesce observed on the surface. This indicates that chemical 
n + Clie © hw oh by ” etching progresses simultaneously with the mechanical 
polishing. 








From Figure 3 it can be seen that slightly more copper is 
region.° In order to ensure high coverage, it is necessary polished than oxide film because the copper surface is 
to form the film in the reaction-determining area near softer than the oxide film. If this difference becomes 
170°C. Characteristics of the copper film depend on the significant, a “dishing effect”’ will occur in areas where 
surface of the film; when a thin Cu sublayer film is the copper surface is large, because the center portion 1s 
deposited by sputtering, favorable surface shape and scooped out. Figure 4 shows the correlation between the 
resistivity can be obtained. depth of dishing and the line width. Although dishing 


Table 1. Characteristics of Cu Organic Complex in Beta Diketone System 
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Figure 3. Surface of Sample after CMP Viewed by 
Interatomic Microscope 





was not observed in lines less than !um wide, 150nm 
dishing was seen for lines 10m or wider. The dishing 
effect can be reduced by controlling the hardness of the 
polishing cloth and the pH of the polishing liquid. 


To apply Cu CMP in actual devices, the stability of 
polishing, completion detection, and cleaning still need 
to be addressed. 


Electrical Properties of Cu Lines after CMP Processing 


If the damascene method is utilized as described above, 
the smallest scale of Cu lines which can be formed is not 
governed by the etched shape of copper—it is deter- 
mined solely by the technique used to form the grooves 
in the insulating film. For electrical characteristics, the 
authors tested samples of copper lines with a minimum 
width of 0.15um. 


Figure 5 shows the correlation between resistivity and 
line width for copper Damascene lines. Groove depth 
was a uniform 0.3um for all samples tested. Almost no 
correlation was observed between line resistivity and 
line width; a value of 2.002/cm was obtained even for 
sizes under 0.2m. This indicates that the size does not 
affect resistivity. These results can be explained by the 
facts that the average free path of electrons due to pure 
copper phonon dispersion is about 0.03um when calcu- 
lated at normal temperature, and that surface disp: rsion 
frequency can be disregarded relative to phonon disper- 
sion frequency. 
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Figure 5. Correlation between Specific Resistance of 
Cepper Wires Formed by Damascene and Selective 
CVD, and Line Width 





Figure 6 shows an Arrhenius plot of current density 
squared for a high current density EM test of 0.25um 
wide Damascene lines. The current density was supplied 
within a range of 2x10° through 5x10’ A/cm’, and the 
line temperature was calculated beforehand from the rise 
in resistivity due to self heating. To reduce the testing 
time, the stress time for low current densities was limited 
to a maximum of 30,000 seconds. As shown in Figure 6, 
at 150°C and lower (i’ A/cm”), no samples experienced 
line disconnection within the time frame. At 150°C and 
above, current density ranging between 1x10’ A/cm? and 
5x10’ A/cm? was supplied to all samples. For the selec- 
tive CVD-Cu sample, the [ J2 value increased by a 
factor of 100.* This is thought to occur because in 
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Figure 6. Arrhenius Plot of EM Lifetime in High Cur- 
rent Density Test for Copper Lines 




















damascene lines, the rate of oxidation is slow since only 
the upper surface contacts the atmosphere, and also 
because concentration of the electrical fields does not 
easily occur due to a more uniform shape than in the 
selective CVD-Cu sample. 


As described above, it has been confirmed that submin- 
iature lines formed by the damascene method are low in 
resistance (even at a size of 0.25ym) and have a high 
resistance to electromigration. The results also show that 
chemical-mechanical polishing does not alter the copper 
surface in any way that would affect the electrical char- 
acteristics. 


Applications in Multilevel Wiring 


Since the number of processes involved in forming 
multilevel lines varies depending on whether contact 
holes and upper layer lines are formed simultaneously, 
some means is needed in the etching process to create the 
upper layer liens and the contact holes. However, Cu 
thin-film deposition and polishing only needs to be done 
once, and this contributes to cost savings. In both cases, 
at the time when the sublayer wires are formed by the 
damascene method, planarization is performed over the 
entire substrate, so basically any number of layers of 
wiring can be formed by repeating the damascene pro- 
cess. Figure 7 shows the process flow for multilevel line 
formation. After the bottom layer copper wire is formed, 


an etch stopper and interlayer insulating film is depos- 
ited to create the wire grooves in the upper layer. 
Although conventional processes such as selective 
growth and etchback can be used for the interlayer 
contacts, it 1s better to use the damascene process if the 
same copper is used for both the wires and the contact 
metal. By combining CVD-TiN and CVD-Cu, it is 
possible to achieve complete embedding of contact holes 
with an aspect ratio of 2. 


Discussed next will be the problems associated with 
application of the damascene process to multilevel wires. 
Figure 8 shows the situation where. due to dishing which 
occurs in wide wires, polishing agent remains in the Cu 
indentations in the lower layer when the upper layer wire 
is polished. This occurs because the first layer is polished 
using a soft polishing cloth, and the second layer is 
polished using a harder polishing cloth to create a 
perfectly flat surface without dishing. To protect the 
upper surface of the copper wires, it is ideal to use TiN 
orother metal which prevents dispersion. Figure 9 is an 
SEM photograph of a film sample produced by using 
selective CVD to deposit tungsten on top of copper wires 
formed by the damascene method. A process such as this 
self-aligning one is required to achieve the precision 
alignment in subminiature wires. 


Conclusion 


In the past, the superiority of electrical characteristics of 
copper has been debated from a microscopic point of 
view. The authors were able to use a new process called 
the damascene method in the trial manufacture of wires 
on a scale which corresponds to an actual product 
generation. It was shown that the superior electrical 
properties of copper wire could be assured even at this 
scale. Future research will focus on how the processes 
needed to utilize copper wires in devices match processes 
currently in use. Since the damascene process has a large 
effect on the overall multilevel process, many problems 
remain to be addressed. However, if these problems can 
all be resolved, this method could have significant merit 
relative to performance and cost. 
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Figure 7. Process Flow for Multilevel Wire Formation by the Damascene Method 
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[Text] 


Introduction 


In recent years, chemical-mechanical polishing (CMP) 
has drawn attention as a new planarizing technique for 
semiconductor processes. CMP technique itself is not 
new in the field of semiconductors; it has been used for 
some time by wafer manufacturing companies. ' 


The new aspect of CMP which has drawn attention is its 
application in device production processes. This pertains 
to efforts to embed poly-Si in trenches,” multilevel metal 
planarizing,’ and planarizing of interlayer films.*”’ 


Compared to reflow technique and RIE etchback tech- 
niques. CMP provides a shorter process and favorable 
planarization that is not easily affected by pattern shape. 


On the other hand, a completion detection method® and 
postprocessing are critical to the application of CMP in 
the production of devices. Various production equip- 
ment manufacturers are aggressively involved in devel- 
oping completion detection methods. However, there are 
many items which the user must examine with regard to 
postprocessing, and the quality of this postprocessing 
will determine whether or not chemical mechanical 
polishing can be adopted. 


A polishing agent which contains colloidal silica in an 
alkali solution such as NaOH or KOH is frequently used 
in CMP, so some amount of polishing agent remains 
after the polishing has been completed. This polishing 
agent cannot be removed by simply drying once. The 
polishing agent consists of Na and K, which have a 
negative effect on movable ions in the semiconductor. 


The purity of the polishing agent itself is inferior com- 
pared to other semiconductor chemicals; Fe and Cr 
heavy metals are present in large quantities in the agent. 
For this reason, proceeding on to the subsequent process 
without using a sufficient postprocess causes particulates 
and contamination, which brings about secondary con- 
tamination and deterioration of device properties, as 
well as lower yield. Figure | shows what happens when 
oxidation is performed while there is still polishing agent 
on the silicon wafer. Due to the effects of the heavy 
metals contained in the polishing agent, numerous 
crystal defects (OSF) occur. 


This report discusses the results of basic research 
regarding the important postprocessing relative to appli- 
cation of CMP in device production processes. Postpro- 
cessing was examined with poly-Si CMP in mind, but it 
can also serve as an effective reference for postprocessing 
of oxide film CMP as well. 


Fundamentals of CMP Equipment and Mechanism 


First, CMP technology will be briefly discussed. The 
polisher used in the author’s experiment was a batch- 
type polisher capable of processing two 6-inch wafers at 
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the same time. There is a submersed loader on the 
unload side, to prevent drying of the wafer after pol- 
ishing. 


Figure 2 shows an outline of the chemical-mechanical 
polisher. The major parameters which determine the 
performance of CMP are: 


(1) the type of polishing agent which is used, 
(2) the concentration of the polishing agent, 
(3) the process temperature, 

(4) the rate of rotation of the polishing plate, 
(5) the type of polishing cloth.? 


By optimizing these conditions, favorable flatness can be 
achieved with little correlation to the pattern used. In 
their experiment, the authors used a polishing agent 
which contained colloidal silica in an NaOH aqueous 
solution. 


As shown in Figure 2, the wafer is pressed against the 
polishing cloth on the polishing plate, by an adsorption 
plate. Etching is performed by a reaction between the 
etching liquid in the polishing agent which seeps between 
the wafer and the polishing cloth, and the film on the 
wafer surface. In CMP, a mechanical reaction promotes 
the chemical reaction; reaction products which are 
formed on the wafer surface as a result of the mechanical 
abrasion between the colloidal silica and polishing cloth 
are removed.” This is the “mechanical” part of chemical- 
mechanical polishing. 
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For example, in chemical-mechanical polishing of sil- 
icon, the NaOH which is the major component in the 
polishing agent, reacts with the silicon surface layer as 
shown in Figure 2, creating a Na,SiO, layer as the 
reaction product. This layer is removed by mechanical 
polishing by the colloidal silica and polishing cloth, 
thereby exposing a new silicon surface. The reaction 
continues and polishing advances. Also, the wafer sur- 
face temperature increases from 24°C just before 
mechanical polishing starts, to 34°C 40 seconds later. 
Frictional heat also has a large affect on the reaction. 


Postprocessing Methods 


The type of postprocessing method applied when pol- 
ishing is used in the actual production of a device, varies 
depending on the type of polishing agent used and the 
sublayer condition of the device. In their experiment, the 
authors presumed the use of poly-Si CMP. The following 
postprocessing treatments were studied relative to their 
effects on removal of polishing agent, heavy metal and 
particles from the wafer surface: (1) running water treat- 
ment, (2) acid treatment (X/H,O,/H,O), (3) diluted 
hydrofluoric acid treatment (HF/H,O), and (4) alkali 
treatment (Y/H,O,/H,O). Following are the results of 
the study. 


Polishing Agent Removal Methods 


In postprocessing after CMP has been performed, it is 
first necessary to completely remove the polishing agent 
which remains on the wafer surface. As an experiment to 
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determine the effects of removing the polishing agent, a 
wafer was immersed in polishing agent, dried, and then 
the treatments described above were applied. Figure 3 is 
an optomicrophotograph of the condition at that point. 
In Figure 3, when running water treatment and alkali 
treatment were performed, most of the polishing agent 
remained. With these treatments it is impossible to 
remove the polishing agent once it has dried. In the 
diluted hydrofluoric acid treatment, a slight amount of 
residue was observed at the edges of the wafer, but it 
could be eliminated by either increasing the concentra- 
tion of hydrofluoric acid or increasing the treatment 
time. When the acid treatment was performed, there was 
no polishing agent at all left on the wafer, and the dry 
polishing agent could be completely removed from the 
wafer surface. This is because the acid solution and 
polishing agent react. For example, in the acid treatment 
(2), if X = HCl, the chief component of the polishing 
agent remaining on the surface, NaOH will become 
NaCl. When X = H,SO,, it will become Na,SO,, and will 
dissolve in the liquid solution. 


From these results, it was determined that the acid 
treatment was the most effective in removing the pol- 
ishing agent which was used. However, caution should 
be observed, since the results may be different depending 
on the type of polishing agent used. 


In the authors’ experiment, the polishing agent 
remaining on the wafer was forcibly dried. However, 
before drying, the running water treatment was able to 
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remove the polishing agent on the wafer to a level that 
was unobservable by the optical microscope. That is, in 
polishing agent removal following CMP, the most effec- 
tive treatment can be done without drying the polishing 
agent. Fortunately, many CMP equipment manufac- 
turing companies have taken this point into consider- 
ation and have taken steps to enable postprocessing by 
submersed unloaders and scrubbers. These points should 
be taken into consideration when selecting CMP equip- 
ment. 


Metal Impurity Removal Methods 


Metal impurity on the wafer greatly affects the device 
properties by causing crystal defects during oxidation, 
and reduced carrier lifetime, as shown in Figure 1. 
Therefore, removal of these impurities should not be 
limited to CMP. 


Figure 4 shows an analysis of metallic elements on 
silicon and oxide films done by atomic absorption 
spectro photometry after CMP postprocessing has been 
performed. To prevent drying of the polishing agent, the 
wafer underwent the running water treatment to remove 
the residual polishing agent before being dried. Each 
treatment was then performed. 


In the case of the alkali treatment, Na increases much 
like in the running water treatment. This is thought to 
occur because the alkali treatment has little effect in 
removing metals, so re-adsorption from the processing 
tank occurs. In the diluted hydrofluoric acid treatment, 
the overall concentration of impurities is reduced (more 
so than in the two abovementioned treatments), but all 
of the analytical elements were still detected on the 
wafer. By adding acid treatment to this hydrofluoric acid 
treatment, all elements except for Na and Ni on the 
silicon, and Ni on oxide film, can be removed below the 
detectable level. 


From these results, it has been shown that the hydroflu- 
oric acid plus acid treatment is effective in the removal 
of metal impurities following CMP. 


Methods for the Removal of Particles 


After CMP, the running water treatment was performed, 
and then a particle counter was used to measure the 
number of particles 0.2um and larger remaining on the 
dried wafer after each of the treatments was done. Since 
the wafer is pressed against the polishing cloth in CMP, 
the polishing cloth itself wears down, providing a source 
of particulates. There are also many drive components 
(such as the polishing plate and the adsorption plate) 
compared to other semiconductor production equip- 
ment, and these components easily wear down also. 
Figure 5 shows the number of particles measured after 
running water treatment. In these measurements, the 
residual polishing agent was included in the particle 
count. 


As shown in Figure 5, most of the particles cannot be 
removed from silicon using diluted hydrofluoric acid 
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treatment alone. This is because particles do not simply 
stick on an active substance such as silicon, but undergo 
a physical type adsorption.'© Also, when the acid treat- 
ment is added, the number of particles on silicon will 
decrease, but particles on oxide film remain the same as 
in the diluted hydrofluoric acid treatment. By adding an 
alkali treatment, particles on silicon and oxide film could 
be reduced by 1/50-1/100 during the running water 
treatment. 


From the above, the diluted hydrofluoric acid plus acid 
treatment plus alkali treatment was effective in 
removing particles in this experiment. 


Although not discussed in detail here, it has been con- 
firmed that using a sponge scrubber before treatment will 
decrease the particles in a similar manner. However, 
there is also the risk of increasing the number of parti- 
cles, depending on the quality of the sponge material 
used, so attention should be given to the sponge material 
when using a sponge scrubber. 


Sequence of CMP Postprocesses 


The sequence of processes shown in Figure 6 was found 
to be effective upon examining the residual polishing 
agent, metallic impurities, and particles after chemical 
mechanical polishing. However, this is only valid for 
poly-Si CMP. This sequence of processes was used in the 
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manufacture of a prototype device, and the observed 
operation confirmed that CMP could be used in device 
production.” 


my of Postprocessing Relative to Type of Polishing 
ent 


Next will be discussed the effects of CMP postprocessing 
for two different types of polishing agent. Table | shows 
the amounts of impurities contained in the polishing 
agents. Polishing agent A, a low cost product, and 
polishing agent B, a high purity product, were examined 
relative to the experiment described in the previous 
section. Polishing agent A costs one-fourth the price of 
polishing agent B, and polishing agent B had an 
extremely low amount (0.07 ppm) of Na impurity. 
Atomic absorption spectro photometry was used to ana- 
lyze the metallicimpurities and measure particles before 
postprocessing (except for the running water treatment) 
and after postprocessing of the wafer surface for both 
types of polishing agent (see Figure 7 and Table 2). When 
using polishing agent B, Cr, Cu, and Ni were already 
below the detectable limit immediately after CMP (and 
running water treatment) for metallic impurities on 
oxide film. The particulate level on silicon was about 200 
immediately after CMP, which is about !/15 the amount 
for polishing agent A. However, no significant difference 
was observed between polishing agents A and B after 
postprocessing, with regard to metallic impurities and 
particles. 





Table 1. Concentration of Impurities in Polishing Agent 











(ppm) 
Type of Polishing Agent Na Fe k Al Ti 
Polishing Agent A 2370 40 2 90 40 
Polishing Agent B 0.07 | 0.01 0 0 0.01 
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Table 2. Particle Count Before and After Postprocessing 











Type of Polishing Particle count before | Particle count after 

Agent postprocessing postprocessing 

Polishing Agent A about 3000 particles | about 100 particles 
per 6-inch diameter per 6-inch diameter 
(0.24m up 0.2m up 

Polishing Agent B about 200 particles about 100 particles 
per 6-inch diameter per 6-inch diameter 
0.2um up 0.2m up 











From the above results, it can be said that the CMP 
postprocessing steps can be shortened by using a high 
purity polishing agent. However, even when using a low 
cost polishing agent (such as A above) which has a high 
concentration of impurities, if appropriate postpro- 
cessing is performed, impurities and particles can be 
reduced to the same level as for the high purity product 
(such as B above). A balance between the number of 
postprocessing steps and the number of process lots is 
the key to achieving cost effectiveness. 


Conclusion 


Chemical-mechanical polishing can achieve uniform pla- 
narity without affecting the sublayer pattern, and will 
very likely become essential to the production of devices 
in the future. Postprocessing seems to be the key to 
achieving practical use of this technology. However, 
there are those who feel that as postprocessing becomes 
increasingly complex, the cost will rise, and that use of 
CMP will be meaningless. With regard to cost, the 
selection of polishing agents and optimization of post- 
processing conditions have been discussed. There are 
also ways to lower cost by improving throughput, such as 
by optimizing CMP conditions and using end point 
detectors (although these have not been discussed here). 
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Figure 7. Analysis of Metallic Impurities before and 
after Postprocessing 





In this report, the results of fundamental studies have 
focused on CMP postprocessing techniques. However, 
there are still numerous items to be studied; it is neces- 
sary to vary the postprocessing methods according to the 
type of polishing agent used and the sublayer conditions 
of the device. Although various studies are currently 
being done by various companies, it is hoped that this 
report will be beneficial in some way to those who are 
studying chemical mechanical polishing. 
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